Purpose Very few studies have compared alumina-onalumina ceramic and alumina-on-highly cross-linked polyethylene bearings in the same patient. The purpose of this prospective randomised study was to compare the clinical and radiographic results and the prevalence of osteolysis in cementless total hip arthroplasty using an alumina-on-alumina and alumina-on-highly cross-linked polyethylene bearings in young active patients. Methods We prospectively compared the results of 100 patients (200 hips) who had undergone a cementless total hip arthroplasty with an alumina-on-alumina ceramic bearing in one hip and an alumina-on-highly cross-linked polyethylene in the other. There were 66 men and 34 women with a mean age of 45.3 years (range, 21-49 years) at the time of surgery. The mean follow-up was 12.4 years (range, 11-13 years). The patients were assessed clinically and radiographically at three months, one year, and annually thereafter. Results Harris hip, Western Ontario and McMaster Universities Osteoarthritis Index, and University of California, Los Angeles activity scores did not show statistically significant differences between the two groups of bearings preoperatively or at the time of final follow-up. Radiographic findings of the component were not significantly different between the two groups. The mean polyethylene linear penetration was 0.031±0.004 mm per year. No hips in either group displayed osteolysis. The Kaplan-Meier survivorship with revision as the end point at 12.4 years was 100 % (95 % confidence interval [CI], 94-100 %) for the femoral component in both groups and 99 % (95 %CI, 93-100 %) for the acetabular component. Conclusion The clinical and radiographic results of using an alumina-on-alumina ceramic and alumina-on-highly crosslinked polyethylene bearings were similar.
Introduction
Although mechanical fixation of contemporary total hip arthroplasty (THA) has improved markedly, the prevalence of osteolysis has increased with polyethylene wear rates in young patients [1, 2] . Strategies to reduce wear have focused on improvements in the bearing surface such as ceramic-onceramic or ceramic-on-highly cross-linked polyethylene bearings. Several studies have demonstrated that contemporary ceramic-on-ceramic or ceramic-on-highly cross-linked polyethylene bearings are associated with low prevalence of osteolysis in young and active patients [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Despite contemporary cementless THA with alumina-onalumina bearings giving excellent clinical and radiographic outcomes, squeaking and fracture of the alumina head or acetabular liner have been reported in the literature [6, [13] [14] [15] [16] . Therefore, the question arises as to whether aluminaon-highly cross-linked polyethylene bearings can replace alumina-on-alumina to reduce the prevalence of squeaking The study was approved by the institutional review board, and all patients provided informed consent. All authors have participated in research for this paper. This manuscript has not been submitted elsewhere for publication.
and ceramic fracture. To our knowledge, very few studies have compared alumina-on-alumina ceramic and alumina-on-highly cross-linked polyethylene bearings in the same patient.
The purpose of this prospective randomised study was to compare the clinical and radiographic results of cementless THA using alumina-on-alumina and alumina-on-highly crosslinked polyethylene bearings in young active patients. We also compared the prevalence of osteolysis, squeaking, and fracture of ceramic, or highly cross-linked polyethylene.
Materials and methods
From January 2000 to January 2002, 210 consecutive cementless THAs were performed in 105 patients who were aged less than 50 years, placing an alumina-on-alumina ceramic bearing (BIOLOX-forte, CeramTec, Plochingen, Germany) in one hip and an alumina-on-highly cross-linked polyethylene bearing (Marathon, DePuy, Warsaw, Indiana) in the other in each patient. In the Marathon process, extruded rod bar stock is irradiated with a dose of 50 kGy and then remelted at 150°C. After remelting, the rods are annealed at 120°C for 24 hours. Acetabular components are machined from the processed bar stock, enclosed in gas-permeable packaging, and then gas plasma sterilised. All patients underwent bilateral simultaneous sequential THAs at the same sitting. The study was approved by our institutional review board, and all patients provided informed consent. No patient died during the minimum 11-years follow-up. Five patients (ten hips) who moved abroad were lost to follow-up (before one year), leaving 100 patients (200 hips) in this study.
Sixty-six men and 34 women were enrolled in this study. The average age at the time of the index arthroplasty was 45.3 years (range, 21-49 years). The average weight of the patients was 69 kg (range, 52-109 kg). The average height was 173.1 cm (range, 159-188 cm) and the average body-mass index 23 kg/m 2 (range, 20.1-38.7 kg/m 2 ). The diagnosis was osteonecrosis of femoral head in 63 patients (63 %), developmental dysplasia in 20 (20 %), osteoarthritis in 13 (13 %), multiple epiphyseal dysplasia in two (2 %), and rheumatoid arthritis in 2 (2 %). All hips with osteonecrosis of the femoral head were Ficat stage III or IV [17] . The presumed cause of osteonecrosis was ethanol abuse in 35 patients (56 %), idiopathic in 19 (30 %) , and steroid use in nine patients (14 %). The average follow-up period was 12.4 years (range, 11-13 years).
All surgeries were performed by a senior author (YHK) using a posterolateral surgical approach. A cementless Duraloc 100 or 1200 series acetabular component with an alumina forte liner of an inner diameter of 28 mm was used on one side and a cementless Duraloc 100 or 1200 series acetabular component with a highly cross-linked polyethylene liner of an inner diameter of 28 mm was used on the opposite side in each patient. Acetabular components were inserted using a press-fit technique. The average diameter of the cup was 51.2 mm (range, 48-54 mm) in both groups of bearings. The average polyethylene thickness was 7.6 mm (range, 6.0-8.9 mm). Randomisation of the use of an alumina forte or highly cross-linked polyethylene liner was determined from a sequential pool based on a table of random numbers. All patients received an Immediate Postoperative Stability cementless femoral component (IPS; DePuy, Leeds, United Kingdom) with a 28-mm alumina forte femoral head (BIOLOX-forte, CeramTec). The femoral component was inserted using a press-fit technique. The largest broach that would fit the metaphysis was used. The IPS femoral component is an anatomical metaphyseal-fitting titanium stem with a polished and tapered distal stem, designed to provide fixation in the metaphysis only, thus avoiding metal-to-bone contact below this point. The proximal 30 % of the femoral stem was porous-coated with sintered titanium beads displaying a mean pore size of 250 μm, to which a hydroxyapatite coating (thickness, 30 μm) was applied.
The patients were allowed to stand on the second postoperative day, and progressed to full weight-bearing with crutches, as tolerated. They were advised to use crutches for four weeks and then a cane, if required, while walking thereafter.
Clinical follow-up was at three months and one year, and yearly thereafter. Harris hip scores [18] and Western Ontario and McMaster Universities Osteoarthritis (WOMAC) [19] scores were determined before surgery and at the time of each follow-up. Patients subjectively evaluated thigh pain on a 10-point visual analog scale (with 0 indicating no pain and 10 indicating severe pain). The level of activity of the patients after the THA was assessed with the activity score of the University of California, Los Angeles (UCLA) [20] .
Radiographic follow-up was at three months and one year, and yearly thereafter. An anteroposterior radiograph of the pelvis with the patient supine and with both hips in neutral rotation and 0°abduction, was undertaken for each patient. Consistent patient positioning was ensured by the use of a frame, which was constructed in such a way that it could be placed at the end of a standard X-ray table. Plastic polypropylene orthoses were secured to a plastic back-board through a vertical slot, and a wing nut allowed adjustment for limb length. Rotation and abduction remained constant. Crosstable lateral radiographs were also performed for each hip.
Femoral bone type was determined on preoperative radiographs applying the Dorr classification system [21] . The adequacy of the intramedullary fill by the stem was recorded according to a previously described method [22] .
Definite loosening of the femoral component was defined as progressive axial subsidence of more than three millimetres or varus or valgus shift [23] . A femoral component was considered to be possibly loose when there was a complete radiolucent line surrounding the entire porous-coated surface on both the anteroposterior and lateral radiographs [24] .
Definite loosening of the acetabular component was diagnosed when there was a change in the position of the component (greater than two millimetres vertically [25] and/or medially or laterally) or a continuous radiolucent line wider than two millimetres on both the anteroposterior and the lateral radiographs [25] .
Penetration of the polyethylene liner was measured with AutoCAD 2013 (Autodesk, Inc., San Rafael, California) by three observers blinded to the clinical results [22] . The observers conducted three measurements on each radiograph, and the interobserver error was assessed. A ScanMaker 9600XL flatbed scanner (Microtek, Carson, California) digitised the anteroposterior radiograph of the pelvis as two-dimensional grey-scale arrays of twelve-bit (256-grey level) integers. The scanning resolution was 600 pixels per square inch (psi). Penetration of the head into the liner was determined annually from the anteroposterior pelvic radiographs. The amount of penetration on radiographs taken three months postoperatively was considered to be the "zero" position.
The presence and location of osteolysis in the acetabulum and femur were recorded in the anteroposterior and lateral radiographs according to the system of DeLee and Charnley [26] and Gruen et al. [27] , respectively. The length and width of osteolytic lesions were measured, and the area expressed in square centimetres.
We developed an algorithm to address the beam-hardening artifacts and to measure the volume of ostolytic lesions. CT images were acquired using a Siemens AG scanner (Munich, Germany) with one millimetre collimation, a pitch of 1.5, and a 14-22-cm field of view. The raw data were reconstructed for one millimetre slices. The area within five centimetres of the prosthesis-bone interface in all directions was evaluated. The volume of osteolysis was calculated using a quantitative imaging system (VirtualScopics, Rochester, New York). CT images were acquired for all patients at an average followup time of 12.4 years (range, 11-13 years).
We performed priori power calculation using a clinically relevant difference in Harris hip score of 5 points and a standard deviation of 6.5 points. With α=0.05 and β=0.95, calculation revealed that a total of 89 patients would be needed in each group. To account for possible dropouts, we recruited about 10 % more participants, leading to 100 patients in each group. A post hoc power analysis using the actual number of patients in the study and the expected Harris hip score differences demonstrated 100 % power to detect those differences.
The change in the Harris hip, WOMAC and UCLA activity scores were evaluated with Student paired t test and the Pearson nonparametric chi-square test. The ranges of motion of the hip were compared between the two groups using a twoway repeated-measures analysis of variance. Nonparametric chi-square tests were used to compare complication rates and radiographic data between the two groups. The level of significance was set at p<0.05. Kaplan-Meier survivorship analysis [28] was used to estimate the probability of retention of the total hip in the entire cohort. Ninety-five percent confidence intervals were calculated.
Results
In the ceramic-on-ceramic group of bearings, the mean preoperative Harris hip score was 38 points (range, 16-41 points), which improved to a mean of 94 points (range, 80-100 points) at the time of final follow-up. In the ceramic-onhighly cross-linked polyethylene group, the mean preoperative Harris hip score was 37 points (range, 11-45 points), which improved to 95 points (range, 85-100 points) at the time of final follow-up.
Dependence on walking aids and limp had decreased substantially at the time of final follow-up. At the last follow-up, 95 patients (95 %) in the ceramic-on-ceramic group and 94 patients (94 %) in the ceramic-on-highly cross-linked polyethylene group had no detectable limp. Mild limp was noticed in five patients (5 %) in the ceramic-on-ceramic group and six (6 %) in the ceramic-on-highly cross-linked polyethylene group. The ability to use stairs and public transportation, put on foot wear, and cut toenails was improved markedly after the operation. The mean preoperative UCLA activity score was 3 points (range, 1-5 points), which improved to a mean of 7.0 points (range, 5-8 points) in both groups at the final follow-up (Table 1) . No patient had thigh pain one year after the THA in both groups of bearings.
Eighteen (18 %) of the 100 patients changed their work involving heavy manual labour before the operation to sedentary work after it. The remaining 82 patients (82 %) remained in the previous occupation after the operation. All patients were advised not to participate in high-impact sports.
Three hips (3 %) with alumina-on-alumina ceramic bearings had squeaking sounds and ten hips (10 %) with aluminaon-alumina ceramic bearings had clicking sounds. No hips with squeaking or clicking sounds required revision. No hips with alumina-on-highly cross-linked polyethylene bearings had squeaking or clicking sounds.
No hip in either group had a fracture of ceramic head or acetabular ceramic liner.
There were no significant differences between the two groups in terms of Dorr bone type [18] , acetabular and femoral component position, central rotation of the femoral head, femoral offset, abductor moment arm, limb length discrepancy, prevalence of radiolucent line, migration of the acetabular and femoral components, prevalence of osteolysis, and prevalence of aseptic loosening ( Table 2) .
The mean total amount (and standard error of the mean) of highly cross-linked polyethylene linear penetration was 0.337±0.315 mm, and the mean annual penetration rate was 0.031±0.004 mm per year. Normal accuracy of the measurement of this system was 0.001 mm. The chance-corrected kappa coefficient, which was calculated to determine interobserver agreement of hip scoring and wear measurement, was between 0.76 and 0.86. We noted increased penetration in the first postoperative year, suggesting that it was the bedding-in period. At a mean follow-up time of 12.4 years, four hips were outliers of the so-called osteolysis threshold of 0.10 mm per year, with the remaining 96 liners exhibiting a penetration rate below this level. In the four hips that were the outliers, there was no evidence of acetabular or femoral osteolysis. With the numbers available, univariate regression analysis revealed that age, sex, weight, activity level, cup inclination or cup anteversion had no influence on polyethylene liner penetration.
Radiographs and CT scans (Fig. 1 ) demonstrated that no acetabular or femoral osteolysis was detected in any hip at the time of the last follow-up.
No femoral or acetabular component was revised because of aseptic loosening. One acetabular component (1 %) in each group was revised because of recurrent dislocation.
Kaplan-Meier survivorship analysis [28] revealed that the rate of survival of the femoral component at 12.4 years was 100 % (95 % confidence interval, 94-100 %), with loosening or revision considered the end-point for failure. Furthermore, the survival of the acetabular component was 99 % (95 %CI, 93-100 %) at 12.4 years, with loosening or revision considered the end point for failure.
Discussion
The midterm results of cementless metaphyseal fitting anatomic total hip THA with both an alumina-on-alumina and an alumina-on-highly cross-linked polyethylene bearings in our patients aged less than 50 years demonstrated an The values are given as the mean and the standard deviation, with the range in parentheses extremely low prevalence of thigh pain and no loosening or osteolysis. Our results are consistent with those from other studies on ceramic-on-ceramic bearing [10, 11, [29] [30] [31] [32] [33] [34] and ceramic-on-highly cross-linked polyethylene bearing [3] [4] [5] 9] . The most common potential causes of thigh pain are instability of the femoral stem and a tight distal fill by a rigid femoral stem [3, 4, 6, 34] . The low prevalence of transitory thigh pain in our present series could be attributed to the axial and torsional stability of the stem, resulting from rigid proximal fixation of the stem and the absence of or minimal contact between the tapered polished distal part of stem and the inner cortex of the femur.
The mechanical fixation of a current generation of cementless total hip prostheses in young patients is quite encouraging [3, 4, 6, 24, 25, [34] [35] [36] . We showed in our study that this hip system had no mechanical failure (0 % at 12.4 years) despite a high patient activity level. We believe that several factors were responsible for our good results in young patients: the proximal canal-fitting design of the femoral stem, including pronounced lateral flare; anteroposterior buildup; the short and narrow polished distal end of the stem; a surgical technique that optimised fit; the strong trabecular bone in young patients; small and light patients; the absence of comorbidities; faster mobilisation than older patients; the use of an alumina-on-alumina ceramic or alumina-on-highly crosslinked polyethylene articulation; and a relatively consistent and optimal alignment of the acetabular component, avoiding impingement.
Recent studies of the third-generation alumina bearings have found little or no osteolysis [3, 7, 16, 32, 34] . Accordingly, we also found no osteolysis. We postulate that extremely low wear and the scant damage of the optimally positioned articular surface were insufficient to cause osteolysis.
The reported prevalence of squeaking with ceramic-onceramic bearing has ranged from 1 to 21 % [13] [14] [15] . In our series, three hips (3 %) demonstrated a squeaking sound and ten hips (10 %) demonstrated a clicking sound. Contributing factors to the low prevalence of squeaking or clicking sound in the present series may be related to the lower height and weight of the patient and the optimal acetabular component position.
Fracture of the alumina femoral head or acetabular liner has been reported in the literature [16, 33] . The absence of a ceramic head or liner fracture in our series was attributed to optimal cup orientation and optimal interlocking of the alumina head and taper of the stem.
Several authors have reported that the wear rate for alumina-on-highly cross-linked polyethylene was between 0.031 mm per year and 0.06 mm per year [3] [4] [5] 9] and they found no osteolysis. Kim et al. [3] compared intermediate results of simultaneous alumina-on-alumina bearing and alumina-on-highly cross-linked polyethylene bearing total hip arthroplasties. They observed that the mean annual penetration rate of highly cross-linked polyethylene (Marathon) was 0.06±0.03 mm during the 5.6 years follow-up. No hip in either group had acetabular or femoral osteolysis. Furthermore, Kim et al. [4] reported cementless total hip arthroplasty with alumina-on-highly cross-linked polyethylene (Marathon) bearing in young patients with femoral head osteonecrosis. They found that the mean annual penetration rate was 0.05±0.02 mm during the 8.5-years follow-up. Again, no hip had osteolysis. Recently, Kim et al. [5] reported polyethylene wear and osteolysis after cementless total hip arthroplasty with alumina-on-highly cross-linked polyethylene (Marathon) bearings in patients younger than 30 years of age. They demonstrated that the mean annual penetration rate of the polyethylene liner was 0.031±0.04 mm during 10.8-years follow-up. No hip had osteolysis. Bitsch et al. [36] reported the mean annual femoral head penetration was 0.031 mm in the hips with a cobalt-chrome-on-Marathon highly cross-linked polyethylene liner. Osteolysis was not observed in any hip in their series. Engh et al. [35] reported that the mean wear rate for cobalt-chrome-on-Marathon liner was 0.01±0.12 mm per year. These data suggest that there was Fig. 1 Radiographs of a 43-year-old woman with osteonecrosis of both femoral heads. a A preoperative anteroposterior view of both hips shows a collapsed femoral head and Dorr type-A femoral bone. b An anteroposterior view of both hips taken 12 years after the hip arthroplasty shows that the acetabular and femoral components at both hips are solidly fixed in a satisfactory position, with no evidence of osteolysis. The right hip has an alumina-on-alumina ceramic bearing and the left hip has an alumina-on-highly cross-linked polyethylene no significant difference in the annual penetration rate of highly cross-linked polyethylene between alumina and metallic head during short-term follow-up. The benefit of the alumina head remains to be seen in the longer follow-up. For all but four patients in our study, the penetration rate of Marathon highly cross-linked polyethylene was below the so-called "osteolysis threshold" (0.1 mm per year). No detectable osteolysis was observed on radiographs or CT images in any of the hips in our study, consistent with other studies [3] [4] [5] 9] .
The first generation of highly cross-linked polyethylene bearings had reduced fatigue, tensile, and toughness properties [37] . In our series, no hip displayed polyethylene liner fracture. We believe that this was due to the use of an adequate thickness of acetabular polyethylene liner (thicker than 6.0 mm) and satisfactory positioning of the acetabular component.
There has been some concern that smaller wear particles are produced with highly cross-linked polyethylene than with conventional polyethylene, leading to higher functional biological activity [38, 39] . However, in our 12.4-years followup data, no evidence of acetabular or femoral osteolysis was observed. A longer follow-up is necessary to draw conclusions about the biological activity of highly crosslinked polyethylene.
There are several strengths of this study. First, specific coordination of surgical technique and implant use was possible throughout the study by enrolling patients from a single centre. Second, the follow-up time was sufficient to determine the prevalence of osteolysis and loosening. Third, the performance of this stem and ceramic-on-ceramic and ceramic-onhighly cross-linked polyethylene bearings was investigated in a group of active patients. Finally, activity level data were collected from the patients and could be analysed as a risk factor for failure.
There are some limitations of this study. Firstly, all the operations were performed by a single surgeon, who could have introduced bias into the interpretation of the data. However, our findings were similar to other published results [3, 4, 8, 9, 30-33, 35, 36, 40, 41] . The similarity of our results to those of other reports mitigates single-surgeon bias. Second, it is frequently difficult for a patient who has undergone a bilateral total hip arthroplasty to determine which hip is functioning better. Therefore, the Harris and WOMAC function scores should be interpreted with caution because it is difficult for patients to attribute functional status to a particular hip.
Our results on alumina-on-alumina ceramic or alumina-onhighly cross-linked polyethylene bearings in patients aged 50 years or less suggest that cementless acetabular and femoral components provide outstanding midterm fixation and substantial pain relief well into the second decade after surgery, providing a high rate of survivorship without osteolysis. Because the results of using an alumina-on-alumina ceramic and alumina-on-highly cross-linked polyethylene bearings were similar, alumina-on-highly cross-linked polyethylene bearing could replace the alumina-on-alumina ceramic to avoid the potential squeaking or clicking sound and acetabular ceramic liner fracture.
